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Abstract

Prenatal nutrition may significantly impact brain aging. Results from the Dutch Famine Birth
Cohort indicated that prenatal undernutrition is negatively associated with cognition, brain
volumes, perfusion and structural brain aging in late life, predominantly in men. This study
investigates the association between prenatal undernutrition and late-life functional brain network
connectivity. In an exploratory resting-state functional magnetic resonance imaging study of

112 participants from the Dutch Famine Birth Cohort, we investigated whether the within- and
between-network functional connectivity of the default mode network, salience network and
central executive network differ at age 68 in men (N = 49) and women (N = 63) either exposed
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or unexposed to undernutrition in early gestation. Additionally, we explored sex-specific effects.
Compared to unexposed participants, exposed participants revealed multiple clusters of different
functional connectivity within and between the three networks studied. Sex-specific analyses
suggested a pattern of network desegregation fitting with brain aging in men and a more diffuse
pattern of group differences in women. This study demonstrates that associations between prenatal
undernutrition and brain network functional connectivity extend late into life.
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1. Introduction

As humans age, many individuals experience gradual brain aging, whilst others display
severe signs of pathological brain aging and clinical symptoms of cognitive decline.
Increasing evidence supports the important contribution of environmental factors in these
inter-individual differences, especially in early life. In particular, environmental factors
during prenatal development may trigger a cascade of processes contributing to individual
differences in brain aging. This cascade may involve epigenetic adaptations and prenatal
programming of endocrine and metabolistic processes (Cao-Lei et al., 2020; Moreno-
Fernandez et al., 2020). Additionally, prenatal environmental factors can affect brain
development through the available amount of nutrients as building blocks for the developing
fetal brain, thereby impacting future brain functioning and reserve capacity.

Prenatal nutrition influences the structure and function of the brain and may also affect brain
aging. Data from the Dutch Famine Birth Cohort (DFBC) study revealed that individuals
who had been exposed to undernutrition in early gestation had poorer cognitive performance
on a Stroop-like color-word incongruence task at age 58. This was not observed in
individuals who had been exposed in mid and late gestation. Additionally, 68-year-old

men in the DFBC exposed to famine in early gestation had smaller brain volumes and

lower cerebral blood flow in regions related to neurodegeneration (anterior and posterior
cingulate cortices) (de Rooij et al., 2016, de Rooij et al., 2019). The lower cerebral blood
flow potentially reflected a reduction in blood flow demand due to reduced neuronal activity
and/or a reduction in blood flow supply as a result of vascular disease in these regions (de
Rooij et al., 2019). Using the Brain Age Gap Estimation (BrainAGE) biomarker of brain
structure in the same individuals, it was demonstrated that men who had been exposed to
undernutrition in early gestation had higher BrainAGE scores, insinuating premature brain
aging (Franke et al., 2018). Overall, these results suggest that undernutrition during early
gestation affects cognition, brain structure and perfusion in old age.

In the aging brain, before the appearance of structural changes, a rearrangement of
functional brain networks can be observed (Balachandar et al., 2015; Joo et al., 2016). The
connectivity within and between functional brain networks reflects the intrinsic functioning
of the brain and can be studied with resting-state functional magnetic resonance imaging
(FMRI). Age-related neural remodeling is likely to reflect both pathological processes and
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also adaptations and compensatory mechanisms of the aging brain to mitigate cognitive
decline (Damoiseaux, 2017). Studying these functional brain networks may provide an
insight into early processes related to brain aging, and help us understand neural processes
that underlie cognitive decline.

Alterations in multiple brain networks have been associated with brain aging. Often, these
alterations are related to the default mode network (DMN), central executive network (CEN)
and salience network (SN). In 2011, Menon et al. (Menon, 2011) introduced a triple network
model of functional brain networks, including the DMN for intrinsic processing, the CEN
for external processing, and the SN as a switch between these networks. Cognitive decline
related to both normal and pathological brain aging has most frequently been associated with
alterations in connectivity, metabolism, and perfusion within the DMN (Damoiseaux, 2017;
de Vis et al., 2018; Pardo et al., 2007; Reiman et al., 1996; Silverman et al., 2001). Most
resting-state functional connectivity (FC) studies describe age-related reductions in DMN
connectivity, although both increases and decreases have been observed with increasing age
(Bai et al., 2011; Damoiseaux et al., 2008; Geerligs et al., 2015; Ng et al., 2016). Besides
alterations in the DMN, studies have reported age-related declines in FC within the SN and
CEN, as well as differences in between-network FC (Allen et al., 2011; Archer et al., 2016;
Geerligs et al., 2015; Ng et al., 2016; Onoda et al., 2012).

Overall, these available data suggest that altered within- and between-network connectivity
of the DMN, CEN and SN may serve as a sensitive, non-invasive biomarker of age-
associated brain alterations and cognitive decline. As earlier studies in the DFBC suggest
accelerated anatomical brain aging after exposure to prenatal undernutrition, alterations

in the functional networks included in the triple network model may also be present in

this cohort. Moreover, lower perfusion was observed in the anterior (SN) and posterior
(DMN) cingulate cortex after prenatal famine exposure in men compared to unexposed men,
increasing our interest in studying the FC of these regions as core regions of the triple
network model (de Rooij et al., 2019). By examining the differences in brain network FC
between those exposed and unexposed in the DFBC, we may be able to identify earlier and
more subtle characteristics of premature brain aging after prenatal undernutrition.

In a study of FC in resting-state fMRI scans of 112 DFBC participants, we investigated the
following research question: In men and women exposed or unexposed to undernutrition
during early gestation, does the within- and between-network FC of the DMN, SN and

CEN differ at age 68? Based on the previous indications of cognitive and brain aging in the
DFBC and the abovementioned literature on age-related changes in FC, we hypothesized
that undernutrition during early gestation would be associated with lower within-network FC
and higher between-network FC in these high-order cognitive networks (Damoiseaux, 2017;
Farras-Permanyer et al., 2019; Geerligs et al., 2015; Grady et al., 2016; Huang et al., 2015).
Furthermore, we explored sex-specific effects following previously reported sex-specific
effects of prenatal undernutrition on the brain in the DFBC (de Rooij et al., 2016).
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2. Materials and methods

2.1. Subjects

2.1.1. The Dutch famine birth cohort—The DFBC is composed of 2414 men and
women born as term singletons between November 1, 1943 and February 28, 1947 in the
Wilhelmina Gasthuis in Amsterdam, the Netherlands. Inclusion criteria were a singleton
birth, minimal pregnancy duration of 259 days and the presence of a medical birth record.

Between December 1944 and April 1945, official daily food rations during the Dutch famine
varied between 400 and 800 calories. Rations rose above 1000 calories after May 12, 1945.
In the DFBC, a participant was considered to be exposed to prenatal undernutrition when the
average daily food ration contained <1000 calories during any 13-week period of gestation.
Periods of 16 weeks were defined to group individuals exposed to undernutrition during

late, mid and early gestation. Participants exposed to undernutrition during early gestation
were born between August 19 and December 8, 1945 (Bleker et al., 2021). Individuals

born before January 7, 1945 and conceived after December 8, 1945 were included to act as
control groups unexposed to undernutrition during gestation. For the current study, only the
control groups born before the famine or conceived after the famine, and those exposed to
famine in early gestation were invited.

2.1.2. Study sample—Data for the current MRI study were collected between 2012
and 2013, when participants were 68 years of age. Fifty-four percent of individuals (7

= 1307) from the initial cohort were eligible (alive with a known current address in the
Netherlands). There were no differences in birth characteristics between eligible and non-
eligible individuals (birth weight 3357 vs. 3333 g, p= 0.22; birth length 32.8 vs. 32.9

cm, p=0.22). See De Rooij et al. (de Rooij et al., 2015) for a detailed description of the
selection procedure and inclusion of the current study sample. The study was approved by
the local medical ethics committee and carried out according to the Declaration of Helsinki.
All participants provided written informed consent.

We invited 151 participants from the DFBC to participate in the 2012 study, consisting of a
home visit and an MRI session. Of these 151 participants, nine declined to visit the hospital,
eight declined because of scanner anxiety, and 15 had contraindications for MRI scanning.
Four participants had missing or incomplete fMRI resting-state data, resulting in a total of
115 participants. See Supplementary Materials for measurement details of covariates.

2.2. Magnetic resonance imaging

2.2.1. Data acquisition—MRI scans were acquired using a standardized protocol on

a 3.0T Philips Ingenia MRI scanner with a 16-channel dStream Head-Spine coil. We
analysed data from T1-weighted 3D magnetization-prepared rapid acquisition gradient echo
(MPRAGE: voxel size 1.0 x 1.0 x 1.0 mm, FoV 256 x 256 mm, TR 7.0 ms, TE 3.2 ms, 180
slices, FA 9.0°) and resting-state (180 volumes, 37 slices, voxel size 3.0 x 3.0 x 3.3 mm,
FoV 240 x 240 mm, TR 2000 ms, TE 27.0 ms, FA 76.1°, duration 6 minutes) scans. Before
the resting-state scan, participants were instructed to remain still and relax without falling
asleep. A black screen with a white cross in the center was displayed as a focus point.
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2.2.2. Data analysis

2221 Seedregionsof interest.: As seed regions of interest (ROI), we used the ROIs
defined from CONN'’s independent component analysis (ICA) of the human connectome
project dataset of 497 subjects. Details about the seed ROIs are provided in the
Supplementary Methods and in Supplementary Fig. 1.

2222 Satistical analysis.: MRI data preprocessing steps are described in the
Supplementary Methods. Individual connectivity maps were generated in the CONN
toolbox seed-to-voxel analysis pipeline using Fisher’s Ztransformed Pearson’s rcorrelation
coefficients of the BOLD (Blood-Oxygen-Level-Dependent) time course of each voxel
throughout the brain with the mean BOLD time course from each seed. The ROl BOLD
time series were extracted from unsmoothed data. Second-level analyses were performed
by comparing individual maps of network connectivity between groups using two-sided
two-sample t-tests. Individuals exposed to famine in early gestation were compared to
individuals prenatally unexposed to famine, in line with approaches used in all previous
publications arising from this cohort.

Correction for multiple comparisons was performed using cluster-level correction within
binarized masks. We applied a small-volume family-wise error (FWE) corrected threshold
of pFWE < 0.05 and cluster thresholds were estimated by computing the data’s spatial
autocorrelation using the Analysis of Functional Neurolmages toolbox (AFNI, https://
afni.nimh.nih.gov) 3dFWHMX software with subsequent Monte Carlo simulations (10,000
iterations) using 3dClustSim. For within-network connectivity, the resulting whole brain
connectivity maps for each seed were masked by a combined map of the other ROIs within
the network. For between-network connectivity, all ROIs of a network were combined as a
single seed and masked with a map of another network of interest (e.g. DMN seed masked
with binarized CEN map). Cluster thresholds and sizes are reported at voxel-level primary
thresholds of p< 0.01 and p< 0.05 (bFWE < 0.05) to provide a complete overview of

our results. In addition, the total numbers of significant voxels within the masked areas at
uncorrected primary thresholds of p< 0.01 and p < 0.05 are reported (Supplementary Fig.
2). This uncorrected total number of voxels was not used to determine significant results, but
is reported to provide more information and present a summary overview of results.

These analyses were performed for all subjects combined, and for men and women
separately to determine potential sex-specific effects. Post-hoc testing was performed for
between-network connectivity to determine the network subregion(s) that contributed most
significantly to observed effects. In these analyses, cluster level correction for multiple
comparisons was applied using the network subregions as ROIs instead of a combined ROI
of the total network.

To determine the effect of extracting the ROI BOLD time series from smoothed versus
unsmoothed data, a sensitivity analysis was performed on the significant within-network
effects. The same analysis pipeline was executed, now using smooth data for extracting
the ROI BOLD time series. These results are presented in Supplementary Tables 1 and
2. Lastly, to determine the size and direction of the connectivity values, we extracted the
mean connectivity values between the seed regions and significant clusters by creating
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binarized masks of significant clusters and performing an eigenvariate analysis in SPM12.
An overview of these connectivity values is reported in Supplementary Figs. 3-8.

2.3. Data availability

The data that support the findings of this study are available on request from the
corresponding author by submitting a formal project outline. The data are not publicly
available due to participant privacy restrictions. Code is available upon request from the
corresponding author.

3. Results

3.1. Study group characteristics

3.2.

Of the 115 included participants, three were excluded based on movement (mean absolute
displacement > 2.3 mm). There were no differences in mean absolute displacement between
exposed and unexposed participants. Maternal, birth and adult characteristics were similar
in exposed and unexposed (born before and conceived after) study groups in the current
cohort subsample (Table 1). In sex-specific comparisons, exposed men had a significantly
smaller total brain volume (p = 0.006) than unexposed men, whereas no group differences
were observed in women. Within the unexposed group, we found that the born before

and conceived after groups showed differences in age (by definition) and body mass index
(BMI), with those being born before the famine having lower BMI than those conceived
after the famine.

Functional connectivity outcomes

For within-network FC across all participants, we observed a cluster of significantly higher
positive within-CEN FC between the left PPC and left LPFC for those exposed compared

to unexposed participants. Lower positive FC was observed in exposed participants in the
DMN (MPFC-right LP) and SN (right SMG-right RPFC). None of these clusters passed

the pFWE level corrected cluster threshold of pFWE < 0.05 at a primary threshold of p

< 0.01, but did pass the cluster threshold at p < 0.05 (Table 2, Fig. 1). In the sensitivity
analysis extracting the ROl BOLD time series from smoothed data, the majority of observed
effects was similar, although not all observed effects were statistically significant using this
approach.

Regarding group differences in between-network FC across all participants, controls had a
positive FC, whereas a negative correlation was observed in exposed participants between
the DMN and CEN. This cluster was significant at a primary threshold of p< 0.01 (pFWE <
0.05, Table 3, Fig. 1).

3.2.1. Functional connectivity outcomes in men—For within-network FC, exposed
men had higher positive FC within the DMN (left LP-PCC), SN (left RPFC-ACC, left
AI-ACC, left Al-left RPFC) and CEN (right PPC-left PPC) compared to unexposed men.
These effects were significant only at a primary threshold of p < 0.05, with the exception of
the effect between the left RPFC and ACC, which was significant at a primary threshold of
p<0.01 and not at p< 0.05, and the effect between the left LP and the PCC, which was
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significant at both primary thresholds (pFWE < 0.05). In addition, exposed men had lower
positive FC within the DMN (left LP-MPFC, significant at a primary threshold of p < 0.05,
PFWE < 0.05) and SN (left Al-left SMG, significant at a primary threshold of p<0.01 and p
< 0.05, pFWE < 0.05) (Table 4, Fig. 2).

For between-network FC, compared to unexposed men, we observed clusters of significantly
higher FC in exposed men between the CEN and DMN, and between the CEN and SN.

Two clusters between the CEN and SN had higher positive FC in exposed men. One

cluster between the CEN and DMN and one cluster between the CEN and SN had an
anti-correlation in unexposed men, whereas exposed men had a positive FC. All of these
clusters were significant at a primary threshold of p< 0.05, and one cluster between the SN
and CEN was significant at primary threshold p < 0.01 (pFWE < 0.05, Table 5, Fig. 3).

3.2.2. Functional connectivity outcomes in women—Five different clusters of
higher positive FC in exposed women were observed within the CEN (left LPFC-right
LPFC, left LPFC-right PPC, left PPC-left LPFC, left PPC-right LPFC) (Fig. 2). Two of
these clusters were significant at a primary threshold of p< 0.01, and all were significant

at p<0.05 (bFWE < 0.05). Exposed women had lower positive FC within the DMN (right
LP-MPFC), SN (left Al-right RPFC, left SMG-right RPFC) and CEN (left PPC-right LPFC,
left PPC-right PPC) than unexposed women.

We observed a cluster of significantly higher positive FC in exposed women between the

SN and DMN (significant at a primary threshold of p< 0.05, pFWE < 0.05), and clusters of
significantly lower positive FC between the SN and CEN (two clusters, one significant at a
primary threshold of p < 0.05, and one at both p< 0.01 and p < 0.05, pFWE < 0.05) (Fig.

3). One cluster between the DMN and CEN was positively correlated in unexposed women
and anti-correlated in exposed women (significant at a primary threshold of p< 0.01, pFWE
<0.05).

3.2.3. Total number of voxels—To present a summary overview of results,
Supplementary Fig. 2 shows the total number of voxels that passed a voxel-level p-threshold
of p<0.01 or p< 0.05 for each ROI masked with the combined map of the other ROIs in the
network, in the total study group and in men and women separately.

4. Discussion

4.1.

This study aimed to explore intrinsic brain functioning in late life among men and
women who had or had not been exposed to famine prenatally. We identified statistically
significant differences between exposed and unexposed individuals in both within- and
between-network FC at age 68 years. These between-group differences were sex-specific
and reflected a mixture of higher and lower FC across brain regions comprising the CEN,
DMN and SN.

Interpretation of associations across all participants

Overall, we observed lower FC in the DMN and SN in individuals who had been exposed to
famine in early gestation compared to those who had not been exposed. In the aging brain,
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functional networks are continuously changing in response to neurodegenerative processes
to minimize the effects of brain aging on cognitive performance. These adaptations can be
in the form of both increases and decreases in FC, believed to reflect neuronal loss and
compensatory mechanisms in response to neuronal loss. Reductions in FC within the DMN
and SN have previously been reported in relation to (pathological) brain aging (Agosta et
al., 2012; Bai et al., 2011; Balachandar et al., 2015; Damoiseaux, 2017; Damoiseaux et al.,
2012; Ng et al., 2016; Onoda et al., 2012). Our observation of lower FC in the DMN and
SN in exposed individuals compared to unexposed individuals is thus in line with previous
studies in our cohort suggesting accelerated cognitive and brain aging (de Rooij et al., 2010;
Franke et al., 2018).

In contrast with our hypothesis, we observed higher FC in the CEN in exposed individuals
compared to unexposed individuals. Studies have predominantly reported decreased within-
CEN FC in relation to brain aging (Allen et al., 2011; Geerligs et al., 2015; Ng et al.,

2016), however, both increased and decreased within-CEN FC have been reported in aging
populations, with increased FC potentially representing a compensatory mechanism (Agosta
et al., 2012; Balachandar et al., 2015; Jockwitz et al., 2017). Without identifying what may
be compensated for and establishing an association between increased FC and behavioral
outcomes, we can only speculate on whether our results potentially reflect a compensatory
mechanism (Cabeza et al., 2018).

Lastly, we observed a negative correlation between regions of the DMN and CEN in
individuals who had been exposed to famine in early gestation, in contrast to the positive
correlation observed in those who had not been exposed. This observation contradicts our
hypothesis of higher between-network FC befitting accelerated brain aging, but does point
at alterations in between-network connectivity associated with exposure to famine in early
gestation.

Developmental framework

The development of functional brain networks begins /n utero. A FC component of

the DMN with evident coordinated activity between regions of the DMN can already

be observed prenatally. At birth, most of the systems eventually developing into adult

brain functional networks have manifested (Thomason, 2020; Thomason et al., 2015).
Given the rapid development of the brain and its connectivity /n utero, the brain is
especially vulnerable to harmful exposures during this period (Thomason et al., 2015).
Recent studies have shown that an exposure during prenatal development can significantly
impact developing brain networks /in utero. For example, Thomason and colleagues (2019)
studied FC in the human fetal brain after prenatal lead exposure. They observed diminished
age-related increases in cross-hemispheric FC and stronger age-related increases in anterior-
posterior FC in exposed fetuses compared to unexposed fetuses (Thomason et al., 2019).
Similarly, De Asis-Cruz et al. (De Asis-Cruz et al., 2020) observed both higher and lower
fetal brain FC after prenatal maternal anxiety.

Furthermore, numerous studies have investigated the impact of a prenatal exposure on
FC of the early postnatal brain. For instance, studies associated prenatal exposure to
maternal stress, alcohol, drugs, opioids, and manganese with disruptions of functional
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network organization in neonates, infants and children (de Water et al., 2018; Donald et
al., 2016; Donnici et al., 2021; Fan et al., 2017; Radhakrishnan et al., 2021; Roos et al.,
2020; Salzwedel et al., 2015; Scheinost et al., 2016; Wozniak et al., 2011), underlining that
exposures during prenatal development affect brain FC in early life.

Such reductions in fetal and infant FC related to prenatal adverse exposures may be at the
start of long-term declines in network structure integrity and thereby contribute to cognitive
problems later in life (Thomason et al., 2019). Likewise, prenatal undernutrition may be
associated with altered FC /n utero, eventually resulting in altered network connectivity

in later life. Other stressful exposures in the prenatal environment may display similar
associations, which should be explored.

Although functional brain network organization starts developing after the first trimester,
adaptations in the earliest phases of brain development as a result of famine exposure may
have been associated with alterations of this developmental trajectory and may have thereby
modified the arrangement of functional brain networks /n ufero and thereafter. Whether

the group differences in FC observed in the current study have been present since prenatal
development or are related to accelerated brain aging associated with prenatal exposure to
undernutrition is unclear. Follow-up FC measurements in the cohort at an older age may
help answer this question. Of note, many factors throughout life may have additionally
impacted the FC of these networks and, thus, direct causality cannot be implied.

Interpretation of effects in sex-specific analysis

In exposed men, we observed clusters of both higher and lower within-network FC,

and consistently higher between-network connectivity compared to unexposed men. The
observations of lower within-network FC and higher between-network FC fit with our
hypothesized pattern of accelerated brain aging in exposed individuals based on network
desegregation. In women, the observed group differences reflect both higher and lower
within- and between-network connectivity in exposed women compared to unexposed
women.

The observed sex-specific outcomes are in line with previous findings in the DFBC which
have repeatedly pointed at sex-specific associations of prenatal undernutrition with health
outcomes of men and women over time. Associations between prenatal undernutrition

and brain size, BrainAGE and brain perfusion at age 68 were primarily observed in men
(Bleker et al., 2021). From existing literature, we know that prenatal exposures impact

male neurodevelopment significantly more than female neurodevelopment (Bale, 2016).
Presumably, this is due to the faster growth rate of male fetuses /n utero and the protective
effects of the female placenta against maternal perturbations during pregnancy (Bale, 2016).
Therefore, the male overrepresentation in these DFBC observations associated with brain
development may not be surprising. Nevertheless, in the current study, we do observe a
convincing list of alterations of within- and between-network FC in exposed women as
well. Possibly, exposure to undernutrition during early gestation is more strongly associated
with aging-related outcomes in men, resulting in a phenotype befitting an aging population,
whereas this association is different in women, showing adaptations in FC that are not
necessarily related to aging. Of note, in aging, FC between the DMN and CEN was
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reported to follow a u-shape, with an initial decrease and thereafter increase (Ng et al.,
2016). We observed higher FC between the DMN and CEN in men and lower FC in
women after prenatal undernutrition. Speculatively, brain aging in exposed men may have
progressed further compared to exposed women, explained by the increased vulnerability
of male fetuses to prenatal exposures. Also, this would fit with the potential selection bias
of presumably healthier exposed women in the current study as a result of the increased
mortality in exposed women observed previously in the DFBC (Bleker et al., 2021).
Longitudinal follow-up of FC in this cohort over time is likely to shed further light on
these processes.

4.4. Strengths and limitations

Study design limitations warrant mention, especially regarding potential bias of the
observational study design. Selective fertility should be considered since only the women
with sufficient fat reserves did not cease to ovulate and were thus capable of conceiving
during the famine. Selection bias may have occurred as a result of selective mortality

in early and later life, especially since previous studies in our cohort have shown that
exposed women had an increased risk of dying at a younger age. Nevertheless, these

forms of bias have most likely contributed to smaller differences between the exposed and
unexposed groups and therefore cannot explain the observed group differences. These forms
of selection bias cannot be overcome in human cohort studies. Replication in other human
cohorts will contribute to a stronger evidence base and should ideally be supplemented

with experimental evidence in animal models to address causality. Moreover, many factors
between birth and data collection at age 68 may have had an impact on the observed
outcomes, limiting the potential of any inferences regarding causality. Nonetheless, our
quasi-experimental study design offers the possibility of studying the long-term effects of
prenatal undernutrition in an otherwise impossible manner (Bleker et al., 2021). Lastly,
increasing the scan duration time might have resulted in more reliable estimates of FC,
although increasing scan duration in older participants may also increase motion artefacts.
Studies have shown that 5-10 minutes of resting-state data is sufficient for group-level
patterns of functional brain organization and group-level differences (Laumann et al., 2015).

Finally, our analysis approach had some implications for the interpretation of the results.
First, our sensitivity analysis extracting the ROl BOLD time series data from smoothed
versus unsmoothed data underlines the impact of subjective choices in the analysis approach
on the outcome of neuroimaging analysis pipelines. The fact that most reported significant
clusters were still clearly visible using this different approach strengthens our confidence

in the robustness of our results. Further, cluster-extent-based thresholding provides low
spatial specificity, especially at higher p-value cluster-defining primary thresholds (Woo

et al., 2014). Therefore, we can only interpret the significant findings as a general effect
within the cluster, and not make any assumptions about the specific location of the effect.
Nevertheless, we believe that this was not hindering given that it was not the aim of

our study to find prenatal famine related differences in FC at specific locations. As this
study was designed as an exploratory study, we did not perform a correction for multiple
testing for the independent tests on top of the FDR correction performed in the cluster-wise
correction. To prevent overinterpretation of potential false-positive effects, we intentionally
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did not provide an in-depth discussion of all individual effects, but instead discussed overall
within- and between-network effects. Lastly, we did not include a sex-by-group interaction
analysis given the small study sample resulting in little power to identify an interaction
effect and the large body of evidence of sex-specific associations in our cohort. As a result,
we can only report sex-specific associations and cannot make any inferences on potential
sex-differences.

Further, a larger sample size would have been preferable. Unfortunately, we were not able to
recruit new participants since all eligible cohort members were invited.

4.5. Conclusions

We found sex-specific alterations in FC within and between three high-order cognitive
functional networks in 68-year-old men and women who had been exposed to famine in
early gestation compared to unexposed individuals. This suggests that prenatal nutrition is
associated with widespread modifications of intrinsic brain activity in late life. Thereby,
this study demonstrates that associations between prenatal undernutrition and brain network
functional connectivity extend late into human life. The observed sex-specific effects are in
line with previous findings, which have pointed at differential associations between prenatal
undernutrition and health outcomes in men and women over time.

Based on the current results, we can only speculate whether these differences have been
present since early life, reflect an ongoing process of accelerated brain aging associated
with prenatal undernutrition or a combination of early life adaptations and accelerated brain
aging. A longitudinal follow-up brain MRI study will enable us to map changes over time,
thereby providing further insight on the progression of brain aging in this cohort.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Significant within- and between-network clustersacross all participants.
Abbreviations: CEN, central executive network; DMN, default mode network; L, left; LP,

lateral parietal; MPFC, medial prefrontal cortex; PPC, posterior parietal cortex; R, right;
SMG, supramarginal gyrus; SN, salience network. Magenta clusters: exposed > controls,
blue clusters: controls > exposed. Light magenta/blue: primary threshold p < 0.05, dark
magenta/blue: primary threshold p < 0.01. Masks are shown in yellow (DMN), orange (SN)
and teal (CEN).
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Fig. 2. Sex-specific significant within-network clusters.
Abbreviations: Al, anterior insula; CEN, central executive network; DMN, default mode

network; L, left; LP, lateral parietal; LPFC, lateral prefrontal cortex; PPC, posterior parietal
cortex; R, right; RPFC, rostral prefrontal cortex; SMG, supramarginal gyrus; SN, salience
network. Magenta clusters: exposed > ceontrols, blue clusters: controls > exposed. Light
magenta/blue: primary threshold o < 0.05, dark magenta/blue: primary threshold p< 0.01.
Masks are shown in yellow (DMN), orange (SN) and teal (CEN).
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Fig. 3. Sex-specific significant between-network clusters.
Abbreviations: CEN, central executive network; DMN, default mode network; SN, salience

network. Magenta clusters: exposed > controls, blue clusters: controls > exposed. Light
magenta/blue: primary threshold p < 0.05, dark magenta/blue: primary threshold p < 0.01.
Masks are shown in yellow (DMN), orange (SN) and teal (CEN).

Neurobiol Aging. Author manuscript; available in PMC 2022 September 09.



Page 18

Boots et al.

Author Manuscript

'S0°0 vnm

Yoeny d1Wayds| Juslsuel] ‘|1 ‘8[eas uoissaidaq pue AlpIxuy [eydsoH
‘SAVH ‘xapu] sselN Apog ‘[INg :Aa “aullie) 8yl Jale PaAIsdU0I S[enpPIAIpUI 0] paledwiod aullie) 8y} 8104aq UI0g S|enpIAIpUl 1o} sasAjeue uoissalbal 211s160] pue Jeaul| Jo senjeA-d Juasaldal 1diiosiadng
'sasAJeue uoIssaIbal uo paseq ale sdnoub (Jalye PaAIBOU0D pue 810jaq Ulog) pasodxaun paulquiod pue pasodxa ayl Usamiaq Sadualaip 1o} sanjead *(9p) salouanbaly se Jo (QS) ueaw se pake|dsip ale ereq

L0°0 (v vo (T9)vo (CR2L:N (Ty)go- It (21025) F9VUIRIG
260 (12900T) §G52920T  (2SOETT) GYiEYOT (01628) €€6LT0T  (BY7S0T) €€89TOT  ZTT (glw) swinjoA ureiq [e1oL
260 (ce)se W) Te (L2)9oe (0281 21T (a109s) uoissaidap SAVH
920 (82 v (0€) Ly (62) 8v o) oe ert (2100s) Ajaixue SAVH
Ly'0 (S s (T8 e 91 (62)T o011 (%) V1L 10 xons
v€0 (6'21) 02 (cem) s (sza)6 (919 et (%) saeqeIq
70 (6'sv) 15 (s6€) ST (e'19) 02 (Tw) ot 11T (9%) e1Wa|0J818|0Y2I3dAH
620 (8'15) 85 (6'29) 2¢ (o'sp) 8T (6'28) 8T 2TT (%) uorsuspadAH
N0 (6'v) 9'82 (19) 662 (0'9) '8z pVOVLIT oy w/B) INg
670 (2'09) 89 (628) 2¢ (0'59) 9z (8'8s) 0z eTT (%) paiows 1an3
Ge0 (¥1) 0§ (sT) 18 (e1) 8 (em) 15 21T SNJe)s ILIOU0IIOI0S
180 (T2 ov (T2 ov (81) 97 (s28y eiT (e1e2s Jur0d-QT) UOKEINPI
SansLaorIRYI JNPY
6T°0 (To)eLe (79) 922 (¥'9) €92 (€9) 08z eIT (s1eak) upiq e abe |eussreiN
70 (er) 982 (¥1) 982 (1) 8¢ (tr)gsz 86 (sAep) uoneinp Aoueuba.d
160 (§1) 12e (91T) 0°€e (1) 82e (€T vee 11T (W) yuIg Je 2UIBJLLNIIID PedH
€70 (s8v) TOvE (T0s) v8ee (0Lv) 0sve (s6v) €9e€ 21T (6) Bram yuig
7.0 (6'59) 09 (€719) 6T (6'€9) €2 (058t 16 (%) Alwey o peay uoednaso fenuey
SO115112)0818lI YLI1q PUE [BUIS]EN
¥8°0 (€'95) €9 (929) 0¢ (0'g8) ¢z (819) 12 2TT (%) uawiom
Al (6'0)9'29 (70) £'99 (o) v'29 Q@.ov L8 on (sreak) by
AN 8¢ ov ve N
SIIIS1IBIoRIYD (8IS

d relol JB1je penouo)  uolre1sab A|res ul pssodx3 a.0joq uliog N

Author Manuscript

T alqeL

SO11S11810RIBYD 1NP. pUE YI] ‘[eUIBIRIA

Author Manuscript

Author Manuscript

available in PMC 2022 September 09.

Author manuscript;

ging.

Neurobiol A



1duosnuepy Joyiny 1duosnue Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

0.001.

p<

Boots et al.

Neurobiol Aging. Author manuscript; available in PMC 2022 September 09.

Page 19



Page 20

Boots et al.

“}IoMiau aaualfes ‘NS ‘snIAB Jeulblrewrldns ‘OINS x81109 [eluolyaid [en1sol ‘D4dy ‘b ‘Y xau09 [e1aried 10131sod ‘Odd X109 [ejuo.yald feipaw
‘D4dIA ‘X809 [ejuolyald [eJale] ‘D-4dT ‘[eIaned [esle] ‘d ‘Y8l ‘T S|0u0d Ayljeay ‘OH ‘10113 asIp-AlIweS ‘AN (pasodxa Ajres ‘33 HJoMIau apow 3negap ‘NI I0MIBU BAIINJEXS [eiUsd ‘NID Aa

Lee
Ty
09¢
6ET

(1144
96¢
144
vET

0§
6¢
1€
1€

¥8 33 <OH d Oddd
S0T 3J3<OH O4dIN
88 33 <OH dd1
144 OH<33 104d1

d OINS NS

1d1 NNQa
OddIN NNQ
10dd N30

G0'0>d Jeazs IND  G0°0>d e plousaiyl BN IMS

100 >d Jeazs BN TO0>d Je Ployselyl BNP IMS 100448 JO Lo 199448 UoIBe JgnS

uoifel pees  yJompN

Author Manuscript

¢ dlqeL

Author Manuscript

siuedionJed |[e ssoioe s19a48 dnoib Jomiau-ulyim Juediiubls

Author Manuscript

Author Manuscript

Neurobiol Aging. Author manuscript; available in PMC 2022 September 09.



Page 21

Boots et al.

" JI0MIBU YSeu, aU) YIM Paysewl Spass se suolBaigns MIomiau pass, ay Buisn sasAjeue 90y-1sod Ul paullwIgIep aJam suolbaigns pass,

6L *Y ‘X81100 snaundaid ‘DD X800 [euodgaid felpaw
‘D4dIN X810 [ewiolgaid [esae] ‘D4dT ‘[erenied [esale] ‘g ue] ‘T ‘S10au0d Aypjeay ‘OH ‘1ouig ssIp-AjiweS ‘IS ‘pasodxa AJJes ‘33 JoMIBU SpOW 1NeJsp ‘NINQ YI0MIBU BAIINJEXE [e11U8D ‘NID A

d04d1 00d

d 04d1 ddl

d04d1 J4dIN [4%4 €¢¢ qGT 28 33 <OH N30 NINd
uoiBe Igns pees S00 S00>d e 100 100>d R Jompeu ¥ Jompu

uoibeugns ¥seIN e >dieazs BEND  pPusAIY) BBNPIMS  >dJeazs BN POUAIY) BBNP IMS 19949 JO Uo1aIIg e N peas

‘syuedionued |je sso4oe S19940 dnoub YI10MIauU-UsaMIaq JuURdIUBIS

€ 9lqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Neurobiol Aging. Author manuscript; available in PMC 2022 September 09.



Page 22

Boots et al.

"Su01Ba1 953U} USBMIBQ PRISIIUSPI 2J9M SIBISN|O JUBIIHIUBIS OM L,

“}JoMIBU douaIfes ‘NS ‘SnIAB JeulBrewrldns ‘OINS (X81109 [eluodgaid [eisol ‘D4dy ybLl ‘Y ‘xa1109 [e1alied Jouaisod ‘Ddd (Xal00 snaundaid ‘D0d (Xa1i09 [ejuogaid [eipawl ‘D4dIA [e1stied [elare|
‘d1 ‘48] ‘T {sjou0d Ayljeay ‘OH ‘1oai3 asIp-AJIwe ‘AN (pasodxa Ajres ‘g3 HJomiau apowl 3jnesap ‘NI HI0MIBU SAIINISXA [RAIUSD ‘NI ‘B|NSul JoLIBIUR ‘| ‘Xa1l03 ale[nbuld Jousiue ‘QJV Asd]

00T

16
S1€
00¢
S91
Ly
15¢

88

LvE
881
§e¢

0Tt
§65
8€T
¢0T
[4%
097
568

88
88
§ST
[444
19T
68¢
65T
88

88
981
981

96
44
1)

96

96
L6T
144

1 g€ 33<OH ¥ 9dd 19dd N30
€1 g€ 33<OH ¥ 04d1 19dd N30
g5 €9 33<0H ¥ 0ddy 7 91s NS

00T sl 33<OH v 404dy NS
4 95 33<OH ¥ Oddy TV NS
821 68 33<0H 94dIN ¥d1  NWQ
16 09 OH <33 194d7 ¥ 94d1 N30
L g€ OH<33 ¥ 04d1 19dd N30
€09 g€ OH<33 194d1 p10dd N30
a4 9 OH <33 ¥ 9dd 194d7 N30
0z 95 OH<33 ¥ 0dd1 194d7 N30
USLIOA

6% 8¢ 33<OH 19Ws TV NS
19 18 33<OH S4dIN 147 NWa
z Iy OH<33 79dd ¥ 0dd N30

1 8¢ OH <33 194dy TV NS
1€ 8¢ OH<33 20V TV NS
1 b9 OH <33 20V 194dy NS
TET 18 OH <33 994 141 NWa
W

G0'0>d Jeazs IND  G0°0>d e plousaiyl BN IMS

100>d leazs PN TO0>d e PoUsAIy) BISNP IMS 19949 JO UONIBIIA 19940 U0IBRIANS  UOIBRI PEaS 3} JOMBN

Author Manuscript

's199440 dnoub J1oMiau-uryiim JuediIubis a1j19ads-xas

¥ alqeL

Author Manuscript Author Manuscript Author Manuscript

Neurobiol Aging. Author manuscript; available in PMC 2022 September 09.



Page 23

Boots et al.

*su01Ba. 8S8U) UBBMIBQ PAIJIIUSPI BJaM SIBISN[O JedIubIs o>>._.Q

* YA0MIBU YSBLW, 8U) YIIM PaXSeL SPass Se suoiBaigns M1omiau pass, ay Buisn sesAjeue 20y-1sod Ul paullwIeIep aem suolbaigns pass,

"Y40MIBU 30UBI[ES ‘NS

‘snIAB feuiBreweldns ‘OIS ‘X810 [ejuoigaid [21S01 ‘D4dY YBL Y ‘Xa1100 [e1aied J0181sod ‘Ddd ‘X81109 snaundaid ‘DDd ‘Xa109 [ejuoigaid [e1paw ‘D4dIAl ‘X810 [eiuougaid [elsie] ‘D4dT ‘[erenied [elsie)
'd7 ‘48] T ‘S1043U02 AYyjeay ‘DH ‘10113 asIM-AlIWe ‘IS (pasodxa AJJes ‘33 (YI0MIaU SpoLU 3 Neap ‘NIAIQ YI0MIBU BAIINDAXS [eJIU80 ‘NID ‘BINsuUl JOLIBIUE ‘| ‘X810 31eInBuId JoLalue ‘DD Ao

70441 o OINS
70441 T9ONS
704d1 20V 96T el 0¢ 05
d Odd T9NS
¥ Odd uIv €81 ST 95 0S 33 <OH N30 NS
H04d1 20d
d04d1 ddl
H04d1 Td1
H04d1 Od4dIN 202 102 12T 08 33<OH N30 NIa
20d o O4dy vee 682 91 €01 OH<33 NINa NS
USLIOAA
704d1 oIV 61T 66 1T 6¢
70441 gV 61T ‘92T 66 11 'se 6€
H04d1 704dy
H04d1 y v
d04d1 TV
¥ 04d1 20V 69T 66 vy 6¢ OH<33 N30 NS
TV H04d1
TV 70441 162 zee €8 6 OH <33 NS N30
20d 704d1 zie Sve 12 98 OH <33 NING N30
N
U01Bo IGNS Poos S00  50'0>d e plousaiyl 700  T00>d e pousaiy
uoibeugns eI B >d jeazs eBND BBNP IM >d e azs esn|D BBNP IM 10940 JO UOISIIQ  YJOMIBU SBN  >IOMIBU PeaS

Author Manuscript

G 9lqeL

Author Manuscript

s1099140 dnoub »10M1auU-UsaMIaQ JURIIIUBIS J11199dS-XaS

Author Manuscript Author Manuscript

Neurobiol Aging. Author manuscript; available in PMC 2022 September 09.



	Abstract
	Introduction
	Materials and methods
	Subjects
	The Dutch famine birth cohort
	Study sample

	Magnetic resonance imaging
	Data acquisition
	Data analysis
	Seed regions of interest.
	Statistical analysis.


	Data availability

	Results
	Study group characteristics
	Functional connectivity outcomes
	Functional connectivity outcomes in men
	Functional connectivity outcomes in women
	Total number of voxels


	Discussion
	Interpretation of associations across all participants
	Developmental framework
	Interpretation of effects in sex-specific analysis
	Strengths and limitations
	Conclusions

	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5

